Mx proteins are interferon-induced GTPases that inhibit the multiplication of certain negative-stranded RNA viruses. However, it has been unclear whether GTPase activity is necessary for antiviral function. Here, we have introduced mutations into the tripartite GTP-binding consensus elements of the human MxA and mouse Mxl proteins. The invariant lysine residue of the first consensus motif, which interacts with the ,B-and ,y-phosphates of bound GTP in other GTPases, was deleted or replaced by methionine or alanine. These Mx mutants and appropriate controls were then tested for antiviral activity, GTP-binding capacity, and GTPase activity. We found a direct correlation between the GTP-binding capacities and GTP hydrolysis activities of the purified Mx mutants in vitro and their antiviral activities in transfected 3T3 cells, demonstrating that a functional GTP-binding motif is necessary for virus inhibition. Our results, thus, firmly establish antiviral activity as a novel function of a GTPase, emphasizing the enormous functional diversity of GTPase superfamily members.
Some of the antiviral effects of alpha and beta interferons are mediated by Mx proteins (26) . These proteins are virtually absent in uninduced cells but accumulate to high concentrations in interferon-treated cells of mammals and nonmammalian vertebrates. Mouse Mxl and human MxA are the two most thoroughly studied Mx proteins. The nuclear mouse Mxl protein is necessary and sufficient for a high degree of resistance to influenza virus for mice and for cells in tissue culture (20, 28) . Interferon-independent constitutive expression of cloned Mxl cDNA confers selective resistance to influenza virus (29) by inhibiting primary transcription of the influenza virus genome (14, 19) . Since this inhibition can be titrated out by simultaneous overexpression of the three influenza virus polymerase proteins and to a lesser extent by overexpression of the polymerase subunit PB2 alone, it seems that Mxl abolishes normal virus polymerase function by specifically interacting with PB2 (9, 31) .
The cytoplasmic human MxA protein exhibits a broader range of antiviral activity than mouse Mxl. When constitutively expressed in transfected cells, MxA confers a high degree of resistance to both influenza virus and vesicular stomatitis virus (VSV) (21) . MxA inhibits mRNA synthesis of VSV (30) , whereas, in the case of influenza virus, it inhibits a poorly defined multiplication step which follows primary transcription but precedes genome replication (19) . When transported to the nucleus with a foreign nuclear transport signal, MxA mimics the action of Mxl and blocks influenza virus mRNA synthesis (39) , suggesting mechanistic similarities between the modes of action of these two Mx proteins.
Mx proteins show significant sequence homology with a new family of GTPases which includes rat dynamin (5), the fruit fly protein shibire (3, 32) , and the products of the yeast genes VPS-1 (24, 36) and MGM-J (12) . Mx proteins contain a tripartite consensus motif that is typically found in proteins with GTP-binding and GTP-hydrolyzing activities (5) . Purified * Corresponding author.
preparations of recombinant Escherichia coli-produced mouse Mxl (17) and natural MxA (8) were recently shown to exhibit GTPase activity.
To characterize the role of the GTPase activity of Mx proteins in viral inhibition, we measured the antiviral activities of a series of mutant MxA and Mxl proteins with alterations in the GXXXXGKS element of the GTP-binding consensus motif. In other GTPases with known three-dimensional structures, this motif plays a crucial role for GTPase function, since it defines part of the GTP-binding pocket (13, 15, 18 (27) and protein A Sepharose. The Sepharose beads were washed with a buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 5 mM MgCl2, and 0.1% Nonidet P-40. Bound proteins were eluted with SDS gel sample buffer, run on a polyacrylamide gel electrophoresis (PAGE) gel (10% polyacrylamide), and stained with Coomassie blue. The dried gel was then exposed to X-ray film.
RESULTS
Cell lines expressing Mxl and MxA mutants with alterations in the first GTP-binding consensus element. We introduced mutations into the first element of the GTP-binding consensus motifs of Mxl and MxA and subsequently tested the resulting mutant Mx proteins for their potential abilities to inhibit virus multiplication in 3T3 cells. We chose to mutate the lysine residue of the sequence GXXXXGKS (Fig. 1) because in other GTPases with known three-dimensional structures, this residue was shown to interact through its E-amino group with the 0-and -y-phosphates of the bound GTP (13, 15, 18) . Functional studies have shown that this amino acid residue is important for binding and hydrolysis of GTP (22, 25, 34) . In the mutant proteins Mxl(M49) and MxA(M83), this lysine residue was changed to methionine, whereas in the mutant proteins Mxl(A49) and MxA(A83), it was changed to alanine ( Fig. 1) . We also generated the mutant protein MxA(A81-84), which has a deletion of four amino acids, including lysine 83. As a positive control, we mutated serine 47 of Mxl and the corresponding serine at position 81 of MxA to cysteine residues. This yielded the mutant proteins Mxl(C47) and MxA(C81), respectively (Fig. 1) . The serines at these positions are strictly conserved among Mx proteins, but not in other GTPases (2, 5, 37 Mxl-specific antibodies ( Fig. 2A) . These cultures and appropriate controls were infected with influenza virus, and virus multiplication was monitored by measuring the relative concentrations of the influenza virus NP transcripts at 5 h postinfection by Northern blotting (Fig. 2B) and by titrating newly produced virus in the culture supernatants at 24 h postinfection (Fig. 2C) . We found that Mxl(C47) was the only mutant Mxl protein capable of conferring a high degree of influenza virus resistance on 3T3 cells. The two Mxl(C47)-expressing cell lines were as resistant to influenza virus as cell lines expressing similar concentrations of wild-type Mxl (Fig. 2A) . The viral titers in the supernatants of these cultures were about 3 log units lower than in control cells (neo) that expressed no Mx protein (Fig. 2C) , and the intracellular concentrations of viral NP RNAs were at least 50-fold less abundant (Fig. 2B) . In contrast to Mxl(C47), the mutants Mxl(M49) and Mxl(A49) failed to inhibit influenza virus multiplication. The influenza virus titers in the supematants of these cultures and the concentrations of viral NP RNAs in these cells were comparable to those of the neo control culture (Fig. 2B and C) .
We also determined the relative susceptibilities to influenza virus and VSV of the cell lines that expressed the different MxA variants. In infected cell lines expressing MxA(C81) or wild-type MxA, influenza virus NP and VSV N RNAs were at least 50-fold less abundant than in the control cultures lacking Mx proteins (Fig. 3) , and the viral titers in the supernatants of these cultures were between 2 and 3 log units lower than in the control cultures (Fig. 4) (Fig. 3) , and the viral titers in the supernatants were not significantly lower than in cells expressing no Mx protein (Fig. 4) achieved by this method, and, as expected (8), the purified antibody-bound MxA converted radiolabeled GTP to GDP. MxA(C81) could also be purified by this technique, and it hydrolyzed GTP about as efficiently as wild-type MxA (data not shown). However, for reasons that are not clear, the mutants MxA(M83), MxA(A83), and MxA(A81-84) as well as wild-type and mutant Mxl proteins could not be purified effectively from 3T3 cells by this method, thus rendering the evaluation of their GTPase potentials more difficult. This was probably not due to a failure of monoclonal antibody 2C12 to bind the Mx variants, since they were readily detected by 2C12 in indirect immunofluorescence assays (data not shown).
We recently found that Mxl and MxA variants with histidine tags at the amino terminus can easily be purified from bacterial lysates by a single round of chromatography on Ni-chelateagarose and that such Mx preparations possess GTPase activity (18a). To better characterize Mx mutants with alterations in the GTP-binding consensus element, we cloned the mutated Mx cDNAs into a histidine-tagging vector and produced the recombinant proteins in E. coli. Purification of MxA(M83), MxA(A83), MxA(A81-84), and the corresponding Mxl mutants was more difficult than purification of wild-type Mx proteins because they exhibited decreased solubility in the bacteria. blue staining (see, for example, Fig. 6A ). GTPase assays were performed with equimolar amounts of the various Mx proteins and with a sample of histidine-tagged DHFR control protein that was produced and purified alongside. Conversion of GTP and GDP was observed with wild-type MxA and Mxl as well as with the mutant proteins MxA(C81) and Mxl(C47) (Fig. 5A) . Quantification revealed that MxA(C81) and Mxl(C47) proteins hydrolyzed GTP with 86 and 59% efficiency, compared with wild-type MxA and Mxl, respectively (Fig. 5B) . The other mutants hydrolyzed GTP at rates comparable to the DHFRnegative control preparation and were thus at least 10 to 20 times lower than wild-type MxA and Mxl. Most, if not all, of this very low residual hydrolyzing activity is probably due to contaminating phosphatases.
GTP-binding capacity of wild-type and mutant Mx proteins. We performed UV cross-linking experiments with the different E. coli-produced MxA protein variants to assess their GTPbinding capacities. Direct analysis of the reaction products on PAGE and autoradiography was complicated by the fact that a contaminating E. coli protein also bound radiolabeled GTP. This contaminant, which migrated only slightly faster on the gel than MxA, was found in all Ni-chelate-agarose eluates, including the DHFR control preparation. Nevertheless, this analysis demonstrated that GTP was cross-linked to wild-type MxA and that binding was inhibited with excess unlabeled GTP, but not with CTP or UTP. MxA(C81) also bound GTP, whereas no specific binding of radiolabeled GTP was observed with mutants MxA(M83), MxA(A83), and MxA(A81-84) (data not shown). To confirm these results, we sought to increase the specificity and sensitivity of this assay by recovering Mx from the reaction mixture with monoclonal antibody 2C12 before analysis by PAGE. We restricted this analysis to wild-type MxA and mutant MxA(A83). Both proteins could be effectively purified from the bacterial contaminants by immunoprecipitation ( Fig. 6A and B (Fig. 1) . The simultaneous loss of GTPase activity and GTP-binding capacity of all of our Mx mutants makes it impossible to distinguish between the possibility that Mx proteins act via a biochemical reaction driven by GTP hydrolysis and the alternative possibility that Mx proteins need to bind (but not hydrolyze) GTP to assume an active conformation.
The activity of a GTPase can be controlled via GTPaseactivating proteins, GTPase inhibitory proteins, GDP dissociation-stimulating proteins, or GDP dissociation inhibitors (2, 7, 23 
